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Los Angeles, CA, USA

2Integrative Center for Addictions, University of California at Los Angeles, Los Angeles, CA, USA
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Abstract

Corticostriatal circuitry supports flexible reward learning and emotional behavior from the critical
neurodevelopmental stage of adolescence through adulthood. It is still poorly understood how
prescription drug exposure in adolescence may impact these outcomes in the long-term. We
studied adolescent methylphenidate (MPH) and fluoxetine (FLX) exposure in rats and their impact
on learning and emation in adulthood. In Experiment 1, male and female rats were administered
MPH, FLX, or saline (SAL), and compared with methamphetamine (mMAMPH) treatment
beginning in postnatal day (PND) 37. The rats were then tested on discrimination and reversal
learning in adulthood. In Experiment 2, animals were administered MPH or SAL also beginning in
PND 37 and later tested in adulthood for anxiety levels. In Experiment 3, we analyzed striatal
dopamine D1 and D2 receptor expression in adulthood following either extensive learning (after
Experiment 1) or more brief emotional measures (after Experiment 2). We found sex differences in
discrimination learning and attenuated reversal learning after MPH and only sex differences in
adulthood anxiety. In learners, there was enhanced striatal D1, but not D2, after either adolescent
MPH or mAMPH. Lastly, also in learners, there was a sex x treatment group interaction for D2,
but not D1, driven by the MPH-pretreated females, who expressed significantly higher D2 levels
compared to SAL. These results show enduring effects of adolescent MPH on reversal learning in
rats. Developmental psychostimulant exposure may interact with learning to enhance D1
expression in adulthood, and affect D2 expression in a sex-dependent manner.
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Introduction

The adolescent period is characterized by increased risk-taking, reward-seeking, and an
enhanced need for environmental stimulation (Kelley et al. 2004; Laviola et al. 2003; Marco
et al. 2011); characteristics that likely evolved to promote skills for independence (Spear
2000). Changes in mesocorticolimbic dopamine (DA) signaling provide much of the basis
for this behavioral phenotype. DA D1 receptor (D1) and D2 receptor (D2) densities in the
striatum peak at the onset of the rat adolescent period (postnatal day, PND 28) but decrease
with maturity (Tarazi and Baldessarini, 2000; Gelbard et al. 1989; Teicher et al. 1995). We
recently reported reduced D1 expression, and unaltered D2 expression, in the striatum of
animals that had experiences with reward learning during adolescence, when compared to
animals that went through the same learning in adulthood (Stolyarova and 1zquierdo 2015).
This suggests that learning and the experience of cognitive training may interact with neural
maturation processes to shape long-lasting expression profiles of, in particular, D1 receptors
(Wass et al. 2013). Exposure to psychostimulants may also cause robust changes to DA
receptors in the developing brain that manifest in long-lasting effects on learning and
behavior in adulthood. Adolescent rats treated for 2 months with ADHD medication
methylphenidate (MPH, 1 and 2 mg/kg) beginning on PND 30 show significantly reduced
D2 binding compared to vehicle-treated rats, as measured by microPET (Thanos et al. 2007).
This is likely meaningful to behavior since low striatal D2 availability has been associated
with poor reversal learning and addiction vulnerability (Izquierdo and Jentsch 2012).

The administration of prescription drugs to adolescents is at an all time high (Zito et al.
2000; Miech et al. 2015). Some of the most commonly-prescribed are MPH for ADHD
(Shanks et al. 2015; Caprioli et al. 2015; Crawford et al. 2011; Gray et al. 2007), and
fluoxetine (FLX) for the treatment of Major Depression (Ifiiguez et al. 2010; Ifiiguez et al.
2014; Homberg et al. 2011). MPH exhibits a similar pharmacological profile to
amphetamines and cocaine, may modulate neurodevelopment (Grund et al. 2007; Thanos et
al. 2007; Adriani et al. 2006), and by extension, may impact learning and behavior mediated
by corticostriatal circuitry. There is evidence for long-term effects of adolescent MPH on
adult locomotor behavior and addiction vulnerability. These effects include increased
sensitization to later mAMPH (Shanks et al. 2015), increased cocaine abuse risk (Jordan et
al. 2014), increased alcohol intake (Gill et al. 2014), and increased cocaine-induced reward
and behavioral sensitization (Achat-Mendes et al. 2003) in adulthood (cf. Gray et al. 2007).
The effects of adolescent FLX, conversely, appear limited to significant increases in anxious
responding to emotion-eliciting stimuli (Ifiiguez et al. 2010; Ifiguez et al. 2014; Homberg et
al. 2011; cf. Norcross et al. 2008). There is relatively little known about the long-lasting
effects of adolescent FLX exposure on later adult learning and behavior, though in the adult,
FLX results in fewer errors in the early phase of reversal learning (Brigman et al. 2010).
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To our knowledge there has not yet been a systematic comparison of the long-term effects of
MPH and FLX on adulthood learning flexibility and associated striatal D1 and D2 receptor
expression. Additionally, females have not typically been included in these investigations.
Therefore, in the present experiments we investigated the effects of adolescent MPH and
FLX on later adulthood learning flexibility, and we compared these effects with those
following treatment with escalating doses of illicit drug methamphetamine (NAMPH;
Experiment 1). In a separate group of animals, we then studied the effects of MPH on
anxiety in adulthood (Experiment 2), to ascertain differential effects of MPH on learning
experiences vs. emotional reactivity. And finally, in Experiment 3, we assessed striatal
dopamine D1 and D2 expression in adulthood following drug treatment and either extensive
learning (late adulthood, PND 140) or a more brief emotion test (early adulthood, PND 64).
We predicted that adolescent exposure to MPH and mAMPH, but not FLX, would interact
with DA receptor expression, to produce enduring effects in learning flexibility measures in
adulthood.

Methods

Subjects

Male and female Long—Evans rats (Charles River Laboratories, Inc.) arrived at post-natal
day (PND) 28, early rat adolescence (Spear 2000), weighing between 76 and 100g, and were
socially housed two per cage with both males and females housed in the same room. All rats
were habituated to the vivarium from PND 28 to 31. The rats had unrestricted access to food
until behavioral testing began and were provided water ad /ibitum. Rats in Experiment 1
were maintained on a restricted diet during learning (85% of free-feeding weight). We have
previously shown that this food scheduling does not compromise the healthy development of
young animals: the rats stay within vendor-provided weight ranges for normal growth
(Stolyarova and lzquierdo 2015). Rats in Experiment 2 did not undergo food restriction and
were assessed for social play behavior during drug treatment (data not reported here). The
vivarium maintained a 12-h light/12-h dark cycle, with the temperature held constant at

22 °C. All drug treatment and behavioral testing took place between 0700 and 0900 h. All
procedures were conducted in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and were approved by the Chancellor’s Animal Research Committee of
UCLA. Order of drug treatment, testing, and euthanasia for Experiments 1-3 are outlined in
Figure 1.

Handling and Drug Treatment

Each rat was handled for a minimum of 10 minutes once per day for 5 consecutive days
starting on PND 32, prior to drug treatment. Following handling, rats began treatment at
PND 37. Injections were administered once per day for 15 consecutive days. For Experiment
1, drug treatments consisted of MPH (methylphenidate hydrochloride, Sigma, St. Louis,
MO; 3 mg/kg, or 1 mg/kg, s.c.), FLX (fluoxetine hydrochloride, Sigma, St Louis, MO; 5
mg/kg or 10 mg/kg, s.c.), each dissolved in physiological saline (SAL) solution, mMAMPH
(d-methamphetamine hydrochloride, Sigma, St. Louis, MO; 0.1-3.0 mg/kg s.c., increasing
in 0.3mg/kg increments between days) administered as an escalating dose to more closely
resemble human recreational consumption, or SAL. The mAMPH group was treated until
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day 10 of injections and received SAL for the remaining 5 days of injections. This was done
to ensure the treatment reached its maximum escalating dose (3 mg/kg) at day 10, to remain
more consistent with the duration of treatment in our previous-published study (Ye et al.
2014). However, mMAMPH treatment in the present experiment was initiated 5 d earlier than
in Ye et al (2014). MPH doses were selected to remain consistent with the range of doses
previously published, which are known to produce clinically relevant levels of drug in the
plasma (Crawford et al. 2011; Gerasimov et al. 2000). For Experiment 2, MPH dosing was
selected based on Experiment 1, which showed no significant differences between high and
low dose MPH groups on learning. Rats for Experiment 2 were randomly assigned to one of
two groups: MPH (3mg/kg, n=8) or SAL (n=8). Injections for both experiments began at
0700 h. The order of injections was counterbalanced by rat identification number, treatment,
and sex, and left/right placements of injections were rotated daily. During drug or SAL
treatment, rats had access to food and water ad /ibitum.

Experiment 1

Subjects

Thirty two male (n=16) and female (n=16) Long-Evans rats were randomly assigned to one
of six groups: MPH high dose (3mg/kg, n=6; 3 male, 3 female), MPH low dose (1 mg/kg,
n=4; 2 male, 2 female), FLX high dose (10 mg/kg, n=6; 3 male, 3 female), FLX low dose (5
mg/kg, n=4; 2 male, 2 female), mMAMPH escalating dose (.3 mg-3 mg/kg, n=6; 3 male, 3
female) and SAL (n=6; 3 male, 3 female).

Behavioral Testing Apparatus

Learning

Behavioral testing was conducted in eight operant conditioning chambers (Model 80604
Lafayette Instrument Co., Lafayette, IN) that were housed within sound- and light-
attenuating cubicles. Each chamber was equipped with a house light, tone generator, video
camera, and LCD touchscreen opposing the pellet dispenser. The pellet dispenser delivered
single 45-mg dustless precision sucrose pellets. Modified software (ABET 1l TOUCH)
controlled touchscreen stimuli presentation, tone generation, tray- and house-light
illumination and pellet dispensation.

Pre-training—The pre-training protocol, similar to previously-published methods
(Izquierdo et al. 2010; Kosheleff et al. 2012; Ochoa et al. 2015), consisted of a series of
phases: Habituation, Initial Touch training (IT), Must Touch training (MT), Must Initiate
training (MI), and Punish Incorrect training (PI) designed to train rats to nose-poke, initiate a
trial, and discriminate between stimuli.

Discrimination and Reversal Learning—Detailed methodological descriptions also
appear in recent publications (Stolyarova et al. 2014; Ochoa et al. 2015; Stolyarova and
Izquierdo, 2015). Rats were presented with two novel, white, equiluminescent stimuli that
differed only in shape with predetermined reinforcement contingencies. The software
enabled either a reward event in the form of sucrose pellet dispensation, paired with house-
light illumination and an auditory feedback, as a result of nosepoking the correct stimulus,
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or a punishment as a result of nosepoking the incorrect stimulus; the latter followed by a 10
s “time out” wherein rats were unable to initiate the next trial. If the rat committed an error
and received a punishment, a correction trial was administered: this consisted of the same
spatial (left/right) presentation of the stimulus until the rat nosepoked correctly. Spatial
configuration of stimuli presentation occurred pseudorandomly, the stimulus could not have
appeared on the same side of the screen more than three times in a row except during a
correction trial. Stimulus assignment was counterbalanced across treatment groups. Criterion
for advancement was 60 rewards at 85% correct responses within 45 min, on each of two
consecutive days. Upon reaching criterion on this phase, the rats were tested on a reversal of
the reward contingencies.

After all rats completed the reversal phase, rats were humanly euthanized with an
intraperitoneal injection of Euthasol, decapitated, and their brains dissected over wet ice,
frozen by immersion in isopentane, and stored at —80°C before homogenization. Brains were
dissected to analyze D1 and D2 receptor expression (details in Experiment 3).

Data Analysis

Data were analyzed using SPSS software. Statistical significance was noted when p-values
were equal to or less than 0.05. ANOVA was used to assess treatment group and sex
differences on the number of sessions to criterion. For data spanning sessions, only the days
commonly-experienced by all animals in discrimination and reversal learning were included
in a repeated-measures ANOVA (rmANOVA). A within (session) and between (treatment
group, sex) factors rmANOVA was conducted on discrimination learning and reversal
learning percent correct. Where the assumptions of sphericity were violated, Greenhouse-
Geisser p-value corrections were applied and reported (Epsilon < 0.75). Post hoc Dunnett t-
tests were used to assess treatment group differences in the means of follow-up measures,
such as the microstructure of reversal learning, including within-session measures of time to
collect reward, time to initiate a trial, and time to respond to stimuli. Following a
multivariate ANOVA to assess treatment group differences in the number of sessions to
reach 50% performance (“at chance™) and the number of sessions to reach criterion from “at
chance” performance, post hoc Dunnett t-tests were used. High and low dose FLX and MPH
treatment groups were collapsed because there were no significant dose differences in
session to criterion in discrimination learning: FLX high dose vs. FLX low dose [t(8)=0.932,
p=0.379] and MPH high dose vs. MPH low dose [t(8)=0.000, p=1.000]. Nor were there dose
differences in sessions to reach criterion on reversal learning: FLX high dose vs. FLX low
dose [t(8)=-.151, p=0.884] and MPH high dose vs. MPH low dose [t(8)=—0.062, p=0.952].
Similarly, there were no dose differences in the rmANOVA analyses of performance across
sessions. Therefore, the total number of rats per treatment group was as follows, FLX
(n=10), MPH (n=10), mAMPH (n=6) and SAL (n=6).

Experiment 2

Subjects

Sixteen male (n=8) and female (n=8) Long-Evans rats were randomly assigned to one of
two groups: MPH (3mg/kg, n=8) or SAL (n=8).
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Elevated Plus Maze

After 15 consecutive days of injections, the animals were given a 3 d washout period before
assessment on the elevated plus maze (EPM). Animals were moved from their vivarium
housing room to a separate testing room where they were placed on an EPM apparatus. The
EPM was a dark grey nonreflective metal maze (#60250, Stoelting Co.), and consisted of
two open and two closed arms (50 cm length x 10 cm width) as well as a central platform
(13 x 13 cm). The closed arms had 40 cm tall grey walls. The primary measure on this test
included the time spent in the open arms, an index of anxiety-related behavior, and the
number (frequency) of arm entries. The rat was placed in the center of the maze with access
to 2 open and 2 closed arms for 5 minutes. The test was video recorded to allow for later
scoring. For scoring, arm entry frequency was counted when all 4 paws of the rat were in the
(open or closed) arm. All testing occurred in bright fluorescent light (>100 lux). Behaviors
were scored by two raters blind to treatment condition. The testing apparatus was wiped
clean between subjects with 70% ethanol. High interrater reliability was established (r’s
>0.802, p values <0.01), and raters’ means of duration and frequency were used for
analyses.

Data Analysis

ANOVA was conducted to assess the effect of sex and treatment group on the duration in
each arm and frequency of each arm entry. Where significant interactions were found, post-
hoc simple main effects are reported.

Experiment 3

Tissue Dissection

Rats from Experiment 1 were euthanized 9-12 d after the last day of learning (late
adulthood, PND 140) with a mean of 95 d post-treatment. Rats from Experiment 2 were
euthanized 9 d after EPM (early adulthood, PND 64), with a mean of 13 d post-treatment.
Therefore, rats from Experiments 1 and 2 were comparable in the elapsed time following
their operant and maze experiences, but very different in the elapsed time following their
drug treatment. Rats were given an overdose of Euthasol and decapitated. The brains were
immediately extracted and two millimeter-thick coronal sections of striatum were rapidly
dissected, using a brain matrix, over wet ice at 4°C. Following dissection, samples were then
immersed in isopentane (surrounded by dry ice) and then stored at —80°C before
homogenization. Striatal dissections included both dorsal and ventral subregions. Dissected
tissue samples were maintained in —80°C before homogenization.

ELISA method

To prepare the tissues for the assays 0.3 mL of PBS (0.01mol/L, pH 7.2) containing a
protease and phosphatase inhibitor cocktail (aprotinin, bestatin, E-64; leupeptin, NaF,
sodium orthovanadate, sodium pyrophosphate, 3-glycerophosphate; Thermo Scientific,
Rockford, IL) was added to each sample. Each tissue was minced, homogenized, sonicated
with an ultrasonic cell disrupter, and centrifuged at 5,000g at 4 °C for 10 min. Supernatants
were removed and stored at —20 °C until ELISA assays were performed. Bradford protein
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assays were also performed to determine total protein concentrations in each sample. D1, D2
(Cat# SEB299Ra and SEA673Ra, Cloud-Clone Corp., Houston, TX) protein levels were
determined using commercially-available ELISA kits. The assays were performed according
to the manufacturer’s instructions. The sensitivity of the assays is 0.055ng/mL for D1 and
0.112ng/mL for D2, and the detection range is 0.156-10ng/mL for D1 and 0.312-20ng/mL
for D2. The concentration of each protein is expressed as ng/mg of total protein accounting
for dilution factor and presented as percent control.

Data Analysis

Results

ANOVASs were conducted to assess the effect of treatment group and sex on striatal D1 and
D2 expression. Where significant main effects or interactions were found, post-hoc simple
main effects are reported. Pearson correlation coefficient matrices were generated to assess
the relationship of striatal D1 and D2 expression with learning measures.

Discrimination Learning

A rmANOVA with Greenhouse-Geisser correction was conducted with between-subject
factors (sex and treatment) and within-subject factor (session) on discrimination learning
accuracy (percent correct). Only the first 5 sessions commonly experienced by all rats were
included (the quickest acquisition occurred in 5 sessions). We found a sex difference in rates
of discrimination learning with female rats learning at a slower rate than male rats in this
phase [F(2.589, 62.135)=5.165, p<0.01]. On discrimination sessions 3-5, females exhibited
reduced accuracy compared to males [all p values <0.01], Figure 2a. A statistically
significant within-subject effect of session was found [F(2.589,62.135)=18.82, p<0.001]:
evidence that all rats improved performance across session in this phase, irrespective of drug
treatment or sex. There was no significant effect of treatment [F(3,24)=0.421, p=0.740] or
treatment x sex interaction [F(3,24)=2.296, p=0.103] (Figure 2b). An ANOVA on sessions to
criterion resulted in a significant effect of sex [F(1,24)=8.156, p<0.01; mean sessions to
criterion, male = 9.13 + 1.33, female = 14.81 + 1.76; Figure 2c], but no effect of treatment
[F(3,24)=1.200, p=0.331] or interaction of treatment x sex [F(3,24)=0.961, p=0.427], Figure
2d. Given the sex difference, an ANOVA on sessions to criterion was conducted separately
for males and revealed a significant effect of treatment [F(3,12)=4.555, p=0.024] but an
analysis of only the females did not show an effect of treatment [F(3,12)=0.119, p=0.947],
Figure 2b inset. In males, post hoc Dunnett t-tests on sessions to criterion revealed MPH >
SAL (p=0.027).

Reversal Learning

An ANOVA on sessions to criterion showed no significant effects of treatment
[F(3,24)=2.312, p=0.102] or sex [F(1,24)=2.723, p=0.112] or treatment X sex interaction
[F(3,24)=2.105, p=0.126]. A rmANOVA with Greenhouse-Geisser correction was conducted
on reversal learning accuracy (percent correct) across sessions. Only the first 7 sessions
commonly experienced by all rats were included (the quickest acquisition occurred in 7
sessions). For reversal learning accuracy, there was a significant within-subject effect of
session [F(2.709,65.005)= 27.231, p<0.01], indicating that all rats similarly improved
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performance across sessions in this phase. We found no significant effect of sex
[F(1,24)=0.758, p=0.393] or treatment by sex interaction [F(3,24)=0.531, p=0.665] (Figure
3a), but we did observe a main effect of treatment [F(3,24)= 5.310, p<0.01]; Figure 3b. A
rmANOVA with Greenhouse-Geisser correction also revealed a trending, but nonsignificant
session by treatment group interaction [F(8.126,65.005)= 1.783, p=0.095]. On reversal
sessions 5-7, MPH treatment resulted in slower learning compared to SAL treatment [all p
values <0.05]. Post hoc Dunnett t-test comparisons revealed a significant difference of MPH
from SAL (p<0.01), with MPH scoring lower percent correct across these sessions [mean
percent correct, MPH = 24.42 + 3.29, SAL =42.03 £ 4.24, mMAMPH =42.32 £ 4.24, FLX =
34.10 + 3.29]. However, an ANOVA on correction trials resulted in no significant effect of
treatment [F(3,24)=0.056, p=0.982] or sex [F(1,24)=0.001, p=0.980] or treatment x sex
interaction [F(3,24)=0.315, p=0.814] over those first 7 sessions. Additionally, a micro-
analysis of within-session performance revealed no significant treatment group differences
on various measures: mean time to initiate a trial [F(1,14) = 1.718, p=0.211], mean time to
stimulus on a correctly-performed trial [F(1,14) = 1.069, p=0.319], mean time to stimulus on
an incorrectly-performed trial [F(1,14) = 1.869, p=0.193], or mean time to collect reward
[F(1,14) = 2.203, p=0.160].

A multivariate ANOVA on number of sessions to reach the different stage of reversal was
conducted, with ‘reaching at-chance’ and ‘above-chance’ as fixed factors, and with sex and
treatment as between-subject factors. This analysis resulted in no significant effect of sex on
either stage [F(1,24) < 1.962, p>0.174], no significant interaction of treatment X sex on
either stage [F(3,24) < 1.631, p>0.209], but a marginally significant effect of treatment to
reach “at chance” performance only [F(3,24) = 2.906, p=0.055]. A post hoc Dunnett t-test
on the number of session to reach “at chance” performance resulted in a marginally
significant treatment group difference, with MPH > SAL (p=0.06), Figure 3c. There was no
significant difference between these groups in progressing from chance to criterion-level
performance (all p’s> 0.57) (Figure 3d).

Elevated Plus Maze after MPH treatment

Pearson correlation coefficient matrices verified inter-rater reliability for frequency of
entries and duration of arm visits (all r’s > 0.802, p values < 0.01). The duration and
frequency of arm visits were analyzed using ANOVA with treatment group (MPH vs. SAL)
and sex (male vs. female) as between-subject factors. There were sex differences in the
frequency of arm visits [open: F(1,12)=8.399, p=0.01; closed: F(1,12)=14.162, p<0.01]. Post
hoc analyses showed that males crossed into the open arms more frequently (p<0.01) and
made fewer closed arm entries than female rats (p<0.01); Figure 4a. There were no sex
differences in the time spent in open and closed arms, or treatment group differences in
either duration or frequency of arm visits on the EPM; Figure 4b.

D1 and D2 receptor expression

In older adults (PND 140, after learning, Experiment 1), ANOVA resulted in a main effect of
treatment group [F(3,25)=3.308, p=0.039] on striatal D1 receptor expression. Post hoc tests
revealed that mMAMPH (p<0.01) and MPH (p<0.05) were significantly different from SAL-
pretreated animals (results are shown for males and females separately, Figure 5a). There
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was no significant treatment group difference for D2 receptor expression. We did, however,
observe a sex X treatment group interaction for D2 [F(3,18)=3.525, p=0.036], but not D1
receptors. Post hoc Dunnett tests revealed the interaction was driven by the MPH-pretreated
group, with males exhibiting significantly lower expression of D2 receptors compared to
females (p<0.05). Female (p<0.05), but not male, MPH rats showed significantly higher D2
levels compared to SAL rats (Figure 5b). There were no significant D1 or D2 correlations
with any learning or anxiety measures. The results of the ELISA analysis from Experiment 2
(tissue collected at PND 64) resulted in no significant treatment group differences (MPH vs.
SAL) in striatal D1 or D2 receptor expression (Figure 5c).

Discussion

Reversal learning in adulthood after adolescent drug exposure

We report the novel finding that adolescent exposure to MPH has long-lasting consequences
on flexible reward learning in adulthood. Acutely, MPH has been shown to enhance
cognition by improving attention and memory performance (Mehta et al. 2004). An
important distinction is that we did not study the acute effects of MPH here: rats underwent
a wash-out period as well as an extended period off-drug during discrimination learning,
before undergoing reversal learning- the timeframe during which the impairment was
observed.

Previous studies have reported that MPH increases impulsivity in rats prescreened to be
‘low-impulsive’ before exposure (Caprioli et al. 2015). Accordingly, a subset of our adult
rats pretreated with MPH in adolescence may have had difficulty attending to the task
demands in reversal learning. In support of this, we demonstrate slower early reversal
learning (i.e., “below chance”) when the levels of choice ambiguity and cognitive demand
are high. This is similar to the long-lasting effects of MAMPH in adulthood (Stolyarova et
al. 2014). In that study, we found an impairment in overcoming initial perseveration, but
unaltered performance once the animals overcame the “at chance” level. Additionally, when
males and females were analyzed separately for their overall learning in the discrimination
phase, it was found that MPH treatment (not mAMPH or FLX) increased overall number of
sessions to criterion in males, but not in females. Yet, despite this, female rats learned at a
slower rate than males (discussed in Sex Differences, below). Long-lasting sensitization in
adulthood following adolescent MPH exposure found by Shanks et al. (2015) may also
partially explain the pattern of results we observe here. Rats may be more reward sensitive in
adulthood (to natural reinforcers, such as food) following chronic developmental exposure to
MPH, which may attenuate or alter learning from feedback when such learning matters most
to accurate performance, in early reversal learning (Izquierdo et al. 2016).

Adolescent FLX exposure resulted in a nonsignificant attenuation in later reversal learning
when compared to SAL-pretreated rats. Previous studies have shown developmental FLX to
engender an anxiogenic profile in adulthood (Ifiiguez et al. 2010; Ifiiguez et al. 2014;
Homberg et al. 2011) and a cocaine preference later in life (Ifiguez et al. 2015). A slightly
reduced learning flexibility in this group could be due to increased stress reactivity and a
compromised ability to cope with changes in new task demands. Recent evidence shows that
long-term effects may be different among different SSRIs paroxetine, citalopram, and FLX
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(Schaefer et al. 2013; Altieri et al. 2014; Amodeo et al. 2015), and furthermore, that long-
term effects depend on age of exposure and whether animals are later tested on or off drug
(Homberg et al. 2011; Vorhees et al. 2011). FLX exposure in adulthood, however, facilitates
early reversal learning in mice tested on a touchscreen paradigm very similar to the present
task wherein animals are presented with a concurrent pairwise discrimination problem
(Brigman et al. 2010). Full engagement of the serotonin system in reversal learning may be
most important in probabilistic tasks involving uncertainty about stimulus-reward
contingencies (Rygula et al. 2014; Ochoa et al. 2015), not in deterministic choices in which
one stimulus is always rewarded and the other, never rewarded (as in the present
experiment).

Surprisingly, mAMPH pretreated rats did not display the discrimination or reversal learning
impairments we previously observed when animals were treated in later adolescence,
beginning in PND 41 (Ye et al. 2014). There is now evidence that there are differences in
reward sensitivity and addiction vulnerability in early vs. late rat adolescence and that these
effects are often sex dependent (Spear 2015). There may also be a difference in the aversive
properties of mMAMPH depending on age of exposure: in one study, a 9 d difference in
adolescence had a significant impact on drug response (Vorhees et al. 2011). Importantly, Ye
et al. (2014) only treated and tested male rats, different than in the present study, where male
rats were single-housed in the same room as female rats, and tested in chambers that, despite
thorough cleaning, frequently had female rats present in them before male testing. Future
experiments should systematically control for the effects of these conditions in learning.
Additionally, to account for differences in on- and off-drug effects, having a separate group
of animals remain on drug treatment during learning would be an interesting comparison to
those taken off the drug.

Sex differences

Female rats learned the initial discrimination at a slower rate than male rats. To our
knowledge, a sex difference in visual discrimination learning in untreated rats has not been
reported before. Sex differences in previous studies have been noted in the areas of increased
addiction vulnerability in male rats (Crawford et al. 2011), higher levels of anxiety (Ifiiguez
et al. 2010), and higher levels of impulsivity in male vs. female rats (Caprioli et al. 2015).
Rodent females, like human females, mature earlier than males: on average the development
of genitalia and activation of sexual organs occurs 4-8 d faster (Spear 2015). In addition to
this difference, hormone signaling and pharmacokinetic differences between the sexes
(Shanks et al. 2015; Crawford et al. 2011) may also have contributed to the sex differences
we report here. Another plausible explanation for the sex differences in discrimination
learning is basal anxiety differences in novel environments that may have affected the level
of exploration in the operant chambers. In support of this, we found that in a separate group
of animals, later in adulthood at approximately the same timeframe of discrimination
learning (Experiment 2), females engaged in fewer open arm entries and more closed arm
entries than males. This indicates that there were sex differences in anxiety, irrespective of
pretreatment group status.
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It should also be noted that drug exposure using animal models of depression (Ifiiguez et al.
2014) or ADHD (Vendruscolo et al. 2008; Baskin et al. 2015) may have yielded different
results. Most groups, however, treat animals in development and assess long-term effects (as
in the present study). Yet others have compared effects of developmental exposure with an
adult-exposed group: van der Marel et al. (2014) reported small but significant age-
dependent effects of MPH treatment in the striatum of healthy rats, with adolescent, but not
adult, exposure reducing striatal volume and myelination. These changes likely have an
impact on emotional behaviors and learning in adulthood. Additionally, it is possible that
estrous cycle produced effects on learning. Current conventional methods to assess estrous
cycle in intact females require obtaining vaginal smears, which would have introduced stress
as a variable. Since there is evidence that even brief stressors affect learning flexibility
(Izquierdo et al. 2006; George et al. 2015), we did not introduce this assessment in the
present experiment. Future, adequately-powered experiments should systematically examine
the relationship of hormonal influences on these measures.

Striatal D1 and D2 expression after adolescent psychostimulant exposure

Corticostriatal circuitry is critical to adaptive reward learning and motivation (Cagniard et
al., 2006). D1 and D2 signaling in the striatum regulate overlapping yet dissociable aspects
of reward learning and effort-based decision making (Izquierdo et al. 2006; Schweimer and
Hauber, 2006; Groman et al. 2011; Stopper et al. 2013; Keeler et al. 2014; Yohn et al. 2015).
The adolescent period is marked by decreased density of both types of receptors in the
striatum (Gelbard et al. 1989; Teicher et al. 1995; Tarazi and Baldessarini 2000). In the
present investigation, we found significantly increased D1 expression in adult learners that
were previously exposed to MPH or mAMPH in adolescence. Interestingly, D1-mediated
signaling has been previously linked to the behavioral phenotype of a rat model of ADHD
(Ohno et al. 2012). The ability of MPH treatment to alter D1 expression following learning
may contribute to its clinical efficacy in the adolescent population. Increased striatal D1
expression (and by extension, binding) would result in enhanced excitability of the pathway
involved in learning about and responding to rewards (Cox et al. 2015). This result is
consistent with what has been found for the role of D1 in prefrontal cortex: enhanced D1 in
prefrontal cortex predicts general cognitive abilities and is modulated by working memory
training (Wass et al. 2013). Similarly, developmental psychostimulant exposure may interact
with later experience with reward (in discrimination and reversal learning) to upregulate D1
expression in the striatum, leading to an enduring reward sensitive phenotype. We note here
that this important ‘later experience’ could simply be more environmental enrichment: It
may not be the (food) reward exposure or learning per se, but rather the more complex
environment and increased option space that crucially engage DA signaling at that later
timepoint. In order to ascertain that such receptor expression changes are due to reward
learning experience and not due simply to maturational changes, an appropriate age-matched
homecage control group should be added to future investigations.

We propose here, as have others previously, that reduced or excessive (supranormal) DA
activity can have different effects on cognitive processes, depending on region-specific
receptor activation (e.g. whether D1 vs. D2 in prefrontal cortex; Floresco, 2013). For
example, local infusions of MPH in the (baso)lateral amygdala (BLA) enhance cue-reward
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learning through a D1 mechanism and suppress task-irrelevant behaviors through a D2
mechanism (Tye et al. 2010; Larkin et al. 2015). Therefore, chronic administration of MPH
may result in striatal downregulation of D1 receptors in the short term, but when assessed
after prolonged drug-withdrawal and upon conditions of reward learning, may be
upregulated in the long-term. We only assessed D1 and D2 receptor expression in the
striatum in the present study, however DA signaling may be affected differently in another
region where DA expression may correlate meaningfully with learning, such as the BLA
(Wassum & lzquierdo, 2015). Additionally, since we collected striatal samples that included
both dorsal and ventral regions of the striatum, it is possible that subregional differences
may have masked receptor expression effects.

We previously found that D1 expression decreases in adolescent animals that had prior
experience with (food) reward learning, compared to animals that had the same experience
in adulthood (Stolyarova & lzquierdo, 2015). Decreased D1 expression at the onset of
adulthood is predicted to render animals /ess reward sensitive, whereas increased D1
expression in adolescence may help to establish this reward-sensitive phenotype. Of course,
there are differences in measures of DA receptor expression, availability, and binding, and
with our current methods, we are unable to detect differences in functionality. For example,
there is the possibility that there may be D1 turnover changes, trafficking and insertion of
receptors “on demand,” or silent synapses (Dong & Nestler, 2014) that we are unable to
capture with our protein assays. However, protein expression assessment via ELISA
provides an advantage over binding studies, as it allows the distinction of D1 and D5
subpopulations of D1-like family of receptors. Taken together with results from untreated
adolescent vs. adult animals (Stolyarova & Izquierdo, 2015), our findings are consistent with
the “prepare and select” model of striatal D1 and D2, respectively (Keeler et al. 2014).
Increased striatal D1 expression and/or availability would be expected to engender a
readiness to respond to reward in animals pretreated with MPH or mAMPH. Noteworthy is
that food restriction on its own has been previously shown to upregulate D1 receptors in
ventral striatum (Carr et al. 2009). Since all of the groups in the present study experienced
identical food restriction conditions, MPH and mAMPH pretreatment during adolescence
may have rendered striatal D1 transcription machinery more responsive to environmental
changes.

Two months of treatment with MPH beginning in PND 30, similar to our timepoint, results
in decreases in D2 availability assessed with /n vivo microPET (Thanos et al. 2007),
suggesting an addiction-vulnerable profile. Ontogenetic changes in D2 receptors may be
partially responsible for differences in psychostimulant sensitivity (McDougall et al. 2015)
since functionality of the D2 receptor continues to mature beyond the preweanling period
(Der-Ghazarian et al. 2014) and likely through adolescence. Other groups, assessing D2
density via autoradiography after early MPH exposure (PND 21) do not report enduring
effects of the drug on either D1 or D2 density (Gill et al. 2013). MPH may have long lasting
effects on the functionality and expression of D2 depending on early vs. late adolescent
exposure, however, in the present study we did not observe robust MPH effects on the
expression of D2 receptors in the striatum. Interestingly, however, we did find a sex x MPH
interaction for D2 but not D1 receptors: Female MPH but not male MPH rats showed higher
D2 expression compared to SAL rats. These results are particularly intriguing when
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compared to those from Experiment 2 (PND 64, early adulthood) wherein animals had not
engaged in learning and no significant treatment effect on striatal D1 or D2 receptor
expression was found. Striatal D1 or D2 expression was not correlated with any learning or
anxiety measures, indicating that expression of these receptors was not tightly linked to
performance. Sex differences in response to developmental psychostimulant exposure and
subsequent study of D1 and D2 expression should be explored further. If lower D2
expression is associated with addiction vulnerability, our results suggest juvenile MPH
exposure may have efficacy in reducing this risk in females. This should also be explored.
Lastly, an important area for investigation is to determine how the pharmacodynamics and
plasma half-lives of MPH and mAMPH may differentially contribute to selective receptor
expression and learning effects.

Conclusions

In the present report, we show sex differences in visual discrimination learning and anxiety,
assessed in novel environments. Though estrous cycle was not measured in the current
experiments, our data provide a basis for future systematic inquiry into sex differences on
these outcomes. Here we also report the first evidence of enduring effects of adolescent
MPH on adulthood reversal learning in rats. These findings have limited implications for
learning flexibility and adaptive decision-making in a human clinical population (those
diagnosed with ADHD), but may have the most relevance to an adolescent recreational user
population. To that end, our results show that developmental psychostimulant exposure may
interact with reward learning experience to boost D1 expression in adulthood, and D2
expression in a sex-dependent manner later in life. This may be particularly analogous to the
young human recreational user that consumes psychostimulants as cognitive enhancers to
boost academic performance. These findings also contribute to a larger literature that
reduced or excessive DA activity may have different effects on cognitive processes,
depending on region-specific receptor activation.
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Figure 1. Order of drug treatment, behavioral testing, and tissue collection for Experiments 1, 2
and 3

Animals for both experiments arrived from the vendor at postnatal day (PND) 28 and were
allowed to acclimate undisturbed from PND 32-36. Drug treatment began on PND 37. For
Experiment 1, rats were administered either methylphenidate (MPH), fluoxetine (FLX),
methamphetamine (MAMPH) or saline (SAL) from PND 37-51. This was followed by a
brief period of wash-out and subsequent testing on discrimination and reversal learning. The
rate of learning differed between animals, therefore mean PNDs are provided for
discrimination and reversal learning onset. For Experiment 2, rats were administered either
MPH or SAL from PND 37-51. Treatment was followed by a brief wash-out period and
subsequent testing on the elevated plus maze. Experiment 3 involved ELISA assays for
striatal D1 and D2 expression for rats in Experiments 1 and 2.
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Figure 2. Sex differences but no treatment group differencesin discrimination learning
Session accuracy (percent correct) and rates of learning (sessions to criterion) in the

discrimination phase. (A) Male rats showed quicker discrimination learning than female rats.
Females exhibited lower percent correct on session 3-5, **p<0.01. (B) Drug-treated groups
showed comparable discrimination learning compared to SAL, though an analysis of
sessions to criterion in males vs. females revealed a slowing of males by MPH, *p<0.05
(inset). (C) Female animals required significantly more sessions to reach criterion-level
performance compared to males, *p<0.05. (D) Drug-treated groups were not different
overall in the number of sessions to reach criterion. Line and bar graphs represent group
means + SEM. SAL, n=6, FLX, n=10, mAMPH, n=6, MPH, n=10. Effects of different doses
were not statistically different and are therefore collapsed per group.
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Figure 3. MPH effects on early phases of reversal learning
Session accuracy (percent correct) and rates of learning (sessions to either “at chance” or

criterion-level performance) in the reversal phase. (A) Male and female rats showed
comparable reversal learning. (B) MPH rats exhibited lower percent correct in this phase
compared to other treatment groups. (C) MPH-treated rats required more sessions to reach
50% (“at chance”) level performance than other groups, p=0.06. (D) There were no
significant treatment group differences in the number of sessions to progress from “at
chance” to criterion-level performance. Line and bar graphs represent group means + SEM.
SAL, n=6, FLX, n=10, mMAMPH, n=6, MPH, n=10. Effects of different doses were not
statistically different and are therefore collapsed per group.
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Figure 4. Sex differencesin elevated plus maze activity in adulthood
There were sex differences in the frequency of arm visits on the elevated plus maze. (A)

Males crossed into the open arms more frequently and made fewer closed arm entries than
female rats, **p<0.01. (B) There were no treatment group differences in open and closed
arm entries. Bar graphs represent group means + SEM.
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Figure5. D1 and D2 receptor expression in adulthood
(A) In older adults (PND 140, after learning, Experiment 1) mAMPH and MPH, not FLX,

pretreatment resulted in significantly increased D1 expression in adulthood compared to
SAL rats. (B) Though there were no significant treatment group differences for D2 receptor
expression, there was a sex x treatment group interaction for D2, with MPH female, but not
MPH male, rats showing significantly higher D2 levels compared to SAL rats, **p<0.01. (C)
In younger adults (PND 64, after EPM, Experiment 2) there were no significant treatment
group differences in striatal D1 or D2 receptor expression. Bar graphs represent group

means + SEM.
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